On Arbitrary Waksman Networks and their Vulnerability by Beauquier, Bruno & Darrot, Eric
HAL Id: inria-00072871
https://hal.inria.fr/inria-00072871
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
On Arbitrary Waksman Networks and their
Vulnerability
Bruno Beauquier, Eric Darrot
To cite this version:










   



















ap por t  
de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
On Arbitrary Waksman Networks
and their Vulnerability
Bruno Beauquier — Eric Darrot
N° 3788
Octobre 1999
Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles, B.P. 93, 06902 Sophia Antipolis Cedex (France)
















¬®­¯u°u±k² ¥k³´Lµ·¶¥ ­s¯a°@± ¥¤¸¹¥ ­s¯a°u±ºY»ª¼r² ¥:´J_a]6¥¾½À¿Á¤Âylaj>¥¾¶ÃaÄkd^QTVOÅ8©wyUV.z ]vslazT_aqÆV1zyV1Ç
zTV(dglajh
uuV1]¢_0]vluq`yd^slazG` ]vszy0¥ ­¯u° ± ¥·¸"È± ]^/d2x2QyV1]1>É¤_ar]^U_nzB_nzTwz wcV.t3V.zTwyV.z@d^qsfÊYlaq£wr
]vd^V1z
_nzTw$ËBV1yQTlaqs¨arUtyjhlaV8w>d^QyV8]vVYzyV.dgluj^c]`T]vszy6¥ ­s¯a°@± ¥¸Ì¥ »¹Í ]v/dhx2QyV8].:É¤VptTj^lr£wcVp_az







à1áÕâÕã/ä åDåÖægçeåÖè/éyê2ëLê2ìíìíægìcé ëDè1îgægïÖïLäíðÕñ/òræóåDåÖægëDïôõ6èëDìíçà1îgäíægð(åÖä öî^÷©ø
ù ð/æóú.åÖægðÕç8ævçpê2âÕïDåÖëLê2îóåBè2û@åLüÕäíïÜýê2ýnægë×üê2ïÜânægægðpê2îgîgægý8åLævçpäíð ù òcþkÿ Tò 		
èïLîvèëÖê2ð8îvæ	kã'ê2ä8ø
 ü8äíïÜèëeüê2ïâaægægðYïLáÕýÕýnèë®åÖægçJâ ù ìíîvêhåÖægìyà1ýÕê2îvæÒðÕç8áÕïLåLëLäíægï ô  cèáÕìíèá8ïÖæ!ëLê2ðÕîgæh÷©ø
" à1òyÿkÿ:é6äíï×ê$#Dèäíð(åÜýÕëDè#Dævîóå%ä åLüRåÖüÕæ'&(
àRê2ð8ç'åLüÕæ)ðÕä *(ægëDïÖä å+/è2û(äíîgæ-,Dà1èýÕüÕä ê ù ð(åLäíýaèìíäíïô /.(àRì ê2ânèëÖêhåLèë/÷©ø
0,Òã'ê2äíì214365789:;25<=68>8!?<74@+A7?6BC;+DE=77:6FEGH?-97!?=4;2I7Õø
  /+#





    lndhu\.V tT_ajGwcV8]·tyjhlayqsS.UV8]·wcV¹x.lazTx.V.tcdhluz,wcVjh\1]^V1_n`yb V.U6T_nj@`y\1]ÌwT_nzT]wcV1]





§Lx._atT_nyqsVpwyVpjh\1_aq£]vV1jIdhla`cdhV1]qV8]t V1j^U6`cdh_nd^slazT]wcV¢]vV8]¥GV.z@d^jh\.V8] uV.j2] ]^V1]¥G]^laj^d^sV1]2«kV1]vd/_n`UlaszT]
¬®­¯u°u±k² ¥k³´LµÌ¶¥ ­¯u°u± ¥¸¹¥ ­s¯a°@±BºY»¼r² ¥:´^@`T_azTw¥ª½¿·ila`yj6¥ª¶ Ã Ä :qV$j^\8]vV8_n` wcVOÆV1zyV1Ç
wyVGwcsU>V1zT]^luzÁÅ®lu`yjhzyd$`yzyVG]^laqs`cd^slazÁ`yd^sq£]^_az@dO¥ ­¯u°a± ¥ ¸ È ± x.laUU`ydh_dhV.`yj2]1 É_nc]^U_azB/V(d
szTwc\1t V1zTwy_aU>UV1zud:ÊYlaq£wy]gdhV.sz¢V(dËV.syQylaqs¨a8laz@d_aU>\1qslajh\kx(V.dvd^VIx.lazT]vd^jh`Tx(d^slaz¢V.z¢`cdhqss]h_nz@dB¥ ­s¯a°u± ¥k¸
¥ »Í x.laUU`cd2_dhV.`yj2].'lu`T]Iwcluzyzylaz ]k`yzyV/u\.zy\1jh_aq£]^_nd^slaz>wcVex(V/jh\1]^`yqdh_ndIt lu`yjkd^lu`cd^V/_aqV1`yj wcV/¥k
V1z$`yd^sq£]^_az@d Î ÈÏ£ÐÑ ¬®­¯u°u±k²LÓ ´Lµx(luU>U6`cdh_nd^V1`yjh]1kË _nqsaluj^d^QyUV¢wcV¢j^lu`cdh_aaVY`cd^sqss]^\wy_nz ]RqV8]Rj^\8]vV8_n`cb
wyVÆV.zyV8ÇV8]gd:\.@_nqsV.UV.z@du\.zy\1jh_aq£]^\It lu`yjzylndhj^Vx(laz ]gdhj^`Tx(d^slazBkzTzBazyla`T]_n3laj2wcluzT]Bq£_/dhlaqs\.j2_nzTx.V
_a`cbOtT_azyzyV8]/wcVx(V8]Rj^\8]vV8_n`cb×










z x(laUszyO_a`Twcsllajp@£wcV1lO]vsaz _nq£]. @£_OwyV(d^V1jv
UszyV1wOla`cdhty`cd'_nUtyqs TV.j2].c_ux.x(lujhwyzyd^l6d^QyVYaV1laujh_atyQy£x._nq3_njhV1_u]kdh_aj^uV(dhV1w×@d^QTVpdhjh_%7x'_njhs_nd^slazT]
_azTw98lajdhQyVÌx(luU>t _d^sysqdgf 3V(dgV.V.z ]vsaz _nq£]6_azTw<_aU>tTq TV.j2]1:ózTx(luU>szy]vsaz _nq£]6_aj^V$j^lu`cd^V8w d^l
lu`cd^tT`cd_nUtyqs  V.j2]¢d^Qyjhla`TaQ_0zyV(dglajhÌU_awcVlaR]^/d2x2QyszyÌV.qsV.UV.z@d2]Jz@dhV.j2x(lazTzyV1x(d^V1wrfGR_ÕaV.
u`y£wcV1]1  _ax2Q]v/dhx2Qyszy0V.qsV.UV1zudx1_nz¤t V1jv®luj^U UV8x2QT_nzy£x._aqqsf§®rf·jhlnd2_dhluz «/dhQyVdglO®luqqsl/zT
x.lazyzTV1xdhluzT]Rlnd2]<;t lujvd2] =
Âu`yjhV>W3=kil@]^]^syqVJx.lazyzyV8xdhluzT]J§D]vdh_nd^V1]2«lnk_>j^ladh_dhuVY]^/dhx2Q









_aj^V0wcj2_nU_dhsx1_nqsqfQysaQ ds]laj^d^Q ]^_ÕrszyGV1aV.z lazTV
]^/d2x2QBD:óz x1_a]^V$laY]^/d2x2Q¹qslcx2@szyd^QyV
tTj^luyqV1U  V8x(laUV8]6UszysU>s¨.szyd^QyV0zr`yU6 V1j6lap_awywydhluzT_nq/]^/d2x2QyV1]6zyV.V8wcV1w<d^la`T_ajh_az@d^V.VOd^QyV
]h_dhV.qsqd^V  ]Yty`Tj^t3lu]^VaBwcV8]vtTdhV_
zr`yU6 V1jYlat3lu]h]vsyqsV6qslcx2aV8wG]^/d2x2QyV1]YtyjhV1wcV.d^V1j^UszyV1wrf0d^QyVV(br





































PRQyV$tT_nt3V.j6s]6lajhu_azys¨.V1w_u]J®laqsqsl'].,:óz<]^V1x(d^slaz AÌVjhV1x1_nqsq]^laUVOwcV Tzyd^slazT]>_nz w rzyl/z









   //0-(ª/ +J	(! "!>
  !H	JI
)3	   !$# s]_az<_njhjh_azyaV1UV.z@dlnY]v/dhx2QyV8]6_azTwdhjh_azT]vU£]^]^slazqszTr]>_nqsqsl/zy¤]vluUV
szyty`yded^V1j^UszT_nq£]§DzTty`cdJ]vsazT_aqs]'z·lu`yjpx1_a]^V8«dhlO3V6x.lazyzyV8xdhV1wÌ]^U6`yqd2_nzyV1la`T]^qsfOdhlO]vluUVla`cdhty`cd





 -0J%"	 #%   !$# gy®laj/_nzrflazTV(Öd^ln©lazTVeU_ntytTzyGladhQyVJ]vV.dRlaBd^QTVYszyty`ydh]
luz0d^QyV>]vV.deln:dhQyVlu`cd^ty`ydh]1TdhQyV.jhVV(bc£]gd¢_]^V(delaIV1wcuV(ówcs]Dmglasz@d'tT_dhQT]ex.lazyzTV1xdhzTd^QyV6zTty`cd Ó d^l
dhQyVJla`yd^ty`cd ²LÓ ´^c®luj/V1_ax2Q Í¹Ó ¥k










wy! ÜV.jhV.z@d]^V(d^d^szyu]U_Õfetyjhlcwc`Tx(VId^QyV]^_aU>V zyV(dglajheU_ntTtyzTTÆ`cd:_dqsV1_u]gd ¬Ò­s¯a° ± ² ¥k³´Dµ¢§®¥ ­¯u° ± ¥¸




PRQyV Tj2]vdjhV1_aj^j2_nzyuV1_ayqVkTzT_aj^fJt3V.jhU`ydh_dhluzzyV.dgluj^c]V1j^VRwcV8]vsazyV8wrfÆV.zyV8Ç ?   $
r&%CT_nz w
V.jhV>T_a]^V1wGlaz·dhQyV('ql@]#ó]gd2_naV6zyV(dglajh? }CÖPRQyVÅ8©wyUV.z ]vslazT_aqkÆV1zyV1ÇYzyV.dgluj^·x1_nzj^V8_nqs¨1V
_azrfOt3V.jhU`cd2_d^slaz0ladh]e¥¶ Ã Ä zTty`cdh]'d^ldh]'¥¶ Ã Ä la`cdhty`cd2]'laz0V8wcaV.©wc£]Dmglaszud't _d^Q ].Td^Qyjhla`yuQ
ÃnÅp¸ Í qsV.aV1qs]RlakÃaÄ*) Ñ ]v/dhx2QyV8].y®laj'_>d^ladh_aqBln:¥ ­¯u°u± ¥
¸ È ± ]^/dhx2QyV8].IÆV.zTV1Ç/zyV.dgluj^c]R_njhVYd^Qr`T]
_u]vfrUtcdhlnd^£x._aqqsfJlatyd^sU_aqysz6dhV.jhU]:ln3d^QyV']^/d2x2Q>x.la`yz@d8PRQyV#n©wyUV.z ]vslazT_aq,+/¦-+pÆV.zTV1Ç:zyV.dgluj^
£]/]^Qyl/z$szÌÂu`yj^V   
ÂT`yjvdhQyV.j6luj^c]Yrf¤wy! ÜV.jhV.z@d_n`yd^Qylujh]? ~yc W/.cIWaW
CQT_ÕuV]^Qyl/z¤d^Q _dluzyV]v/dhx2Q x.la`yq£w V
]^tT_aj^V8w¤_ndV1_ux2Q]vd^V1t lnRd^QTVj^V8x(`yj2]^uVx.lazT]vd^jh`Tx(d^slazln'ÆV.zyV8ÇJzyV.dgluj^c]1/d^Qylu`cd6_0 ÜV1x(d^szy·dh]
jhV1_aj^j2_nzTaV1_aysqdgfaBÉ¤V¢x._nqsq3É¤_ar]^U_nzzTV(dglajhr] d^QTVYx.lajhj^V8]vt3lazTwyzylatcdhUs¨.V1wOzyV(dglajhc].uQT_ÕrzT
¥ ­s¯a°@± ¥$¸¤¥ »ÁÍ ]^/d2x2QyV1]1c¥G3V.szy_>t3lV1jladglTkPRQyVJx1_a]^VY¥·¶1+6£]/]^Qyl/z$szÌÂu`yj^V2
y
Z/V8x(V1zudhqf3'Q _nzy










Âu`yjhV   = +¦ +ÆV.zTV1ÇRzyV.dgluj^ Âsa`yjhV2
0= +¦ +6É_nc]^U_nz
zyV(dglajh





É¤VÌx._nqsq' porÖÉ_nc]^U_az<zyV.dgluj^c]la`yjt3V.jhU`cd2_d^slaz zyV.dgluj^c]1ÆfwyV.zylad^szyrf  ² ¥:´¢d^QyV
zr`yU6 V1j/lnk]v/dhx2QTV1]R`T]^V1wO®laj'_az@fOz@`TU3V.j/¥¤lndhV.jhUzT_aqs]1cVYlucdh_az =
 ² ¥:´<¶  ¥ Ã	 » 
 ¥ Ã	 » ¥
¸ Í ¶ È ÏsÐÑ ¬®­¯u°u±k²LÓ ´Dµ " §gW8«





  "! !OB:+ 	(!6
PRQTj^V1V6yszT_aj^f·]^/d2x2QyV1]¢x1_nzG3V`T]^V1wGd^lÌx(luzT]gdhj^` xdJ_#$¦ #$t V1j^U6`cdh_nd^slazGzTV(dglajh·_a]¢]vQTl/zGsz
Âsa`yjhV %yPRQys]IzyV(dglajhx._az63V']vV1V.z_a]3V.szyJy`ysqdk®jhlaU"_¢Ã¦JÃpzyV(dglajh§D_¢]^/d2x2Q «:_nz w6_ Í ¦ Í









]vd^jh`Tx(d_¤zyV.dgluj^<lnY_azrf<]vs¨.Vuªort3V1x(  x1_nqsqfu_¤¥Á¦¥¾ Yo@©É¤_ar]^U_nz zyV(dglajh £]x(luzT]gdhj^` xd^V8w
jhV1x.`yj2]vsaV1qfJ®jhlaU _ ¬ È ± µR¦ ¬ È ± µp Yo@©É¤_ar]^U_nzzyV.dgluj^6_nzTw_ È ±	 ¦





-0	    %#
¥   #!$  2#-0 &     ?   C      ?sWAC   ?WuWC %
A W W W W W
| | | |
  




 } ~ ~
% W . WA WaW
} W1| W 
 W  
~ W % A$. A$. WÕ} WÕ}
 W1 A3A AcW
W/. A A A$% A$

WuW A&% |. An
WA An |% |a|
W8| |a| |u |@}
W   |@}      W
W 





$%      
| A WaW1~ W  $  W  $  WAa WAa
P_ayqsV>W3= 'laUtT_nj2_dhuVY]^/dhx2Q0x(la`Tzud8
ÉÁQTV.z¥$£]:V.uV.zBad^QyV'x.lazT]vd^jh`Tx(d^slaz>s]I]^sU>sq£_njd^l¢dhQT_dIla3É_nc]^U_azB:PRQyVR¥$szyty`cd2]I_njhV/x(luzyzyV1x(d^V8w
dhlGÈ ± ]^/d2x2QyV1]_nzTwV1_ax2Q]^/d2x2Q£]x.lazyzyV8xdhV1w>d^ldglGÈ ± ¦¤È ±  po@©É_nc]vU_azzyV(dglajhc]. 'zrf¥6¸ÌÃ






 È ± ]^/d2x2QyV1]_nz wV1_ux2Q]v/dhx2Q$s]x(luzyzyV8xd^V8wd^l_  È ±	 ¦  È ±  porÖÉ_nc]^U_azO_nz w_ ¬ È ± µe¦ ¬ È ± µ
 Yo@©É¤_ar]^U_nzBRorsU>sq£_njhqfuT_nzrfO¥
¸ Í la`cdhty`cd2]e_njhVJx(luzyzyV1x(d^V8w












$Ù c elnd^£x(Vd^QT_ndla`yj>x(luzyzyV1x(d^slazjh`yqV8]_aqqsl"U_az@ft l@]^]^syqV$x(laz ]gdhj^`Tx(d^slazT]1:_ax.x.laj2wcszy














 !  " !  
"
 
   
#%$  #%$  #%$  #%$ #%$  #%$  #%$ #%$ 










x.lazraV1zysV.zTx.VpdhQT_dpzytT`cdh]¢Ã$6¸ Í _nz w0Ã0_njhVJx(lazTzyV1x(d^V1w
dhld^QTV]^_aUV]v/dhx2Q0®luj Í    È ± Ü_a]




+-, ÙrÞ  Ù /.10 	32
 9 #'  #  #%   $ 	   #54 ¥ 	&9-0" J# ¥ #%-0! -0  	  ¥ ¦¾¥
    "!$#%76  )0
 	  G  F#84 &   &%	 39 #	B .") :42#  )0 	$9-0"  #  )0 #%-0! -0 






-0	    %#
   ÞBÞ  PRQyV6tTj^lrlnI£]¢rfÌz wc`TxdhluzGluzG¥kK:©¥¶ Í laj¢¥<¶ ÃyÜd^QyV porÖÉ_nc]^U_az·zyV.dgluj^
x.lazT]^£]gd2]lnJ_ ]vszyaqsV0qszy¹laj_ ]^zyuqV0yszT_aj^f ]v/dhx2Q j^V8]vt3V1x(d^saV1qf<_azTw¹d^QyVGj^V8]v`yqds]larrlu`T].
eV.zTx.Va:V_a]h]v`yUVdhQT_dd^QyVjhV1]^`yqd£]Jd^jh`yV®lujdhQyVO porÖÉ_nc]^U_azzyV(dglajhc]Jln']^¨1V1] È ±  _nz w






U6`T]vde`T]^Vwc  3V1j^V1zud¢]v`TyzyV(dglajhc]®laj Í    ¥nÃc









Á¶ ² ´¢/d^Q aV1jvdhV(b<]^V(d  ¶   Ñ   _nz w
/d^QGV1wcuV   "!$#&%' kd^QTV.jhV6_njhV Ó(% ÕÃ>¸ Í) Ã_nzTw+* % Ã)(Ü¸ Í, Ã)(]v`Tx2Q·d^QT_nd  ²DÓ ´¶-* 
ÂTj^luU*d^QTs]'wyV Tzyd^slazTd/®laqsql']dhQT_d. 
 QT_a]RU_nbrsU`TU wcV1ajhV.VÃcH:©d'£]'_x(q£_a]h]v£x._aq×j^V8]v`TqdR®jhlaU
ujh_atyQ·dhQyV.luj^f¹§D]^V.VVa TH?sW1|C®«rzyl/z¤_u]/0azysn e_aqq  ]pdhQyV.luj^V1U
Bd^QT_ndYdhQyVV1wyaV1]¢la_
ystT_nj^d^d^V
U6`yqd^Öujh_atyQ0ln:U_nbcU6`yUÔwyV.ajhV.V21 x._azÌ V6x(laqslajhV1w$`T]^zTV(by_ax(d^qsf 1 x(luqlujh]1T]^ld^QT_ndY_awmv_ax(V1z@d
V8wcaV8]/_njhVY_u]^]^sazyV8wOwc  3V1j^V1z@dex(laqslaj2]1
elVY_a]h]v`TU>Ved^QT_nddhQyVYV1wcuVYx.laqslajhzytyj^luyqsV.U s]R]^laqsaV8w®laj( 
 `T]^zTdgl6x.laqslaj2] _nz wV




768:9 È,;=< ±?>   #  'lad^V/dhQT_dIdhQyV'tT_nd^QOx.lazyzTV1xdhzTszyty`yd  ) Ñ ² ¥:´>d^l¹la`cdhty`cd0¥,U`T]vd0`T]vVGd^QyVqlV.j
]v`TyzyV(dglajhÜ"PRQr`T]1/®laj
V1_ux2Q Ó V¤wcV1x.swcV
dhljhla`yd^VdhQyV0tT_dhQ®jhlaU szyty`cd Ó dhllu`cd^ty`yd  ²LÓ ´YdhQyjhla`yuQ d^QyV0qslV1j6]^`yyzyV.dgluj^edhQyV$V8wcaV  4 Ï < ±:> : 4 
)9 Ï ;=< ±:> # QT_u]ex.laqslajJW_azTw
d^Qyjhla`TaQ0d^QTV`ytyt3V.j¢]v`TyzyV(dglajhIdYQT_a]ex(laqslaj Ac:ózGx._u]vVJla¥¤lcwyw×T_azylndhQyV.j/x.lazT]vd^j2_nsz@dR£]RdhQT_d/dhQyVJtT_dhQÌx(lazTzyV1x(d^szyzytT`cde¥·dhlla`cdhty`cd ² ¥:´ U`T]vd'`T]^V¢d^QyV
qslV.j']^`yyzyV.dgluj^Ü 'lV.aV1j1rdhQyVV8wcaV@    4 










G¶ED Í Ã # ; GF H + 
+ HIF  Í ; # Ã IJ
sz _ G¦ < Yo@ÖÉ_nc]^U_nzzyV.dgluj^Ü'x.laqslajGW V1zT¹yq£_ax2Ü PRQyV_u]^]^lcx(£_dhV1wystT_nj^d^d^V¤U`Tqdh
ujh_atyQ+
Os]Rwcj2_Õ/zlazOd^QyV¢qsV(Òd'_nz wd^QTVYV8wcaV¢x(luqluj^szyszTwc` x(V1]dhQyV¢]v`yTzyV(dglajh_a]h]vsazyUV1zud®laj






































    	 k&  !+

:ózYdhQys]]vV8xdhluzB1VIx(luUty`cd^V  ² ¥:´h.dhQyVIzr`yU3V.jlnryszT_njhfp]^/d2x2QyV1]B`T]vV8wp®laj_R¥/¦k¥ porÖÉ_nc]^U_az
zTV(dglajh3
+-, ÙrÞ  Ù  # 9 ¥ Í 6>")* B-0(  #84F
	 % !H	 I
)*
 -* & 4
#F )0F2  3
/E ¥0¦¥
 0  -0 	 #   "!$#% 	   ² ¥:´¶ Î ÈÏsÐÑ ¬Ò­s¯a°@±k²DÓ ´Dµ ;   ÞBÞ  PRQTVJtyj^lrla£]/rfOszTwc`Tx(d^slaz0laz
¥k  e]  ²vÍ ´¶	Trd^QyVjhV1]^`yqd/s]Rdhj^`TV¢®laj/¥·¶ Í IÂyjhlaU
dhQyVJjhV1x(`Tjh]^uVpx.lazT]vd^jh`Txdhluz$uuV.z
zÌ]^V1x(d^slaz0|ycVYQ _ÕaVar®luj'_nzrf¥Ã.=
 ² ¥:´<¶   ¥ Ã   »  ¥ Ã  » ¥
¸ Í" §"Aa«
elndhVd^QT_nd®luj6_nzrfGdgl·t3lu]^d^saVszudhV.uV.j2] Ó _nzTwÅrk'VQT_ÕuV$ÃnÄ ) Ñ
 Ó ÃnÄd^QTV.zVQT_ÕuV
Ã Ä 
 Ã Ó ¸ Í 
 Ã Ó  Ã Ä Ñ yQyV1zTx(V ¬®­¯u°u±k² Ã Ó ¸ Í ´DµY¶ ¬Ò­s¯a°u±I² Ã Ó ´LµY¶ ¬®­¯u°@±k²LÓ ´Dµ »ªÍ IPRQr`T]1cj^V8x._aqqszT
dhQT_d ­s¯a°@±k²vÍ ´¶	TcV¢QT_ÕuV =
 ² ¥:´¶ 4 È< ±:> ÏsÐÑ ¬Ò­s¯a°@±k²DÓ ´Lµ » È< ± ÏsÐÑ ¬Ò­s¯a°@±k²DÓ ´Lµ » ¥0¸ Í §D|u«
¶
4 È< ±:>
ÏsÐ ± ²8¬®­¯u° ± ²DÓ ´Dµ »Í ´ »
È)< ±
Ï£ÐÑ ²¬Ò­s¯a° ± ²DÓ ´Lµ »ÁÍ ´ §   «
¶
4 È< ±:>
ÏsÐ ± ¬Ò­s¯a°@±k² Ã Ó ¸ Í ´Lµ »
È)< ±
Ï£ÐÑ ¬Ò­s¯a°@±k² Ã Ó ´LµY¶
È
 ÐÑ
¬Ò­s¯a°r±k² *y´Lµ " § 
a«





-0	    %#
  Þ  Þ  Dc Ú  #%B ¥ Í 6  ² ¥:´  ¥ ­s¯a° ± ¥
¸ "  Í ¥ »Í ;
:ózTwyV.V1wB'_wc  3V1j^V1zudOx.laUty`cd2_dhluz_ntytyjhlu_ux2Q x1_nzasaV·_Uluj^VÌV.brtTj^V8]^]^uV0Õ_aq`TV =  ² ¥:´$¶




¶ ¸ ­s¯a°u±I²D­s¯a°u±º ´
	  " &#y 'lad^V¢d^Q _de/QyV1zÌ¥£]e_t3lV.j/lndglTydpx._azÌ V











lu`cd^tT`cd ²LÓ ´h@®laj V8_ax2Q Í-¹Ó  ¥kÉ¤VpwyV.zylad^V'rf ² ¥  3´dhQyVeUszysU`yU zr`yU3V.jlnB]^/d2x2QyV1]I®laj
]^`Tx2Q0_>zyV(dglajhÜ>:óz$d^QTs]/t _nt3V.j8cV¢jhV1]vd^jhsx(dRlu`yj2]vV1quV1]d^l0W(Öd^luqV1jh_az@dt3V.jhU`cd2_dhluz$zyV.dgluj^c]1





zTV(dglajh3@U_awcVYlndgl6¥G¦¥¹W(Öd^laqsV.j2_nz@d zTV(dglajhr]`T]^zT6V8_ax2Q ² ¥ .Í ´:]^/dhx2QyV8].r£]/_OW.LdhlaqsV.j2_nz@d
t3V.jhU`ydh_dhluz$zTV(dglajh3
 /x(d^`T_aqqsfa VQ _ÕaVJ_]gdhj^luzyaV1j/j^V8]v`Tqd=_nzrf$t V1j^U6`cdh_nd^slaz·x._az0 VjhV1_aqs¨.V8w0wcV1]^tyd^VluzyV¢D_n`yqdgf
]^/dhx2Q·szV8_ax2QG]^`yyzTV(dglajh33tyqs`T]YlazyVD_n`yqdgf·]^/d2x2Q_dYd^QTV Tj2]vdYlujpq£_a]vdpqsV.uV.qÖ :ózTwcV.V8w××sz·d^QTs]













¥·¶ ; kPRQyVeq£_a]vdjhV1]^`yqd£]IdhQ@` ] sz@d^V.jhV1]vd^szy6lazyqsfdhly`Tq£wO_dg/sx.Veq£_njhaV.jeW(Öd^laqsV.j2_nz@dIt3V.jhU`cd2_dhluz
zTV(dglajh/QyV1z_JalrlcwlazyVes]_nqsj^V8_awcf6@zTl/zBÂTlajkdhQy£] ty`Tj^t3lu]^VauV'tTj^V8]vV1zudzylzÂsa`yjhV1]eWAc
W8|y3W   _nzTwGW/
]^laUV>W(Öd^luqV1jh_azudzyV(dglajhc]Ilaydh_nszyV8wrfQT_nz w®laj¥·¶ #T ;  _nz w@F6j^V8]vt3V1x(d^saV.qsfa
ÂTlaj]^tT_ax.Vj^V8_a]^lazT]1×tyjhlrlnD]_aj^VlaUdvdhV1w¤y`cd6x1_nz3VOwclazTV>rfj^V8]gdhj^£xdhV1wx._u]vV_nz _nqsfr]^£].PRQyV8]vV



























n     n
n     nX
X
Âsa`Tj^VWaW3= 'lazT]vd^jh`Txdhluz$laV1aV.z¤W(Öd^luqV1jh_az@dt3V.jhU`cd2_dhluz$zyV.dgluj^c]
Âsa`yjhVWA.= Í LdhlaqsV.j2_nz@d #¦ #>zyV.dgluj^ Âsa`yjhVW1|B= Í LdhlaqsV.j2_nz@d;¦ ;zyV.dgluj^
Âsa`yjhVW   = Í LdhlaqsV.j2_nz@d >¦ 6zyV.dgluj^ Âsa`yjhVW/
.= Í LdhlaqsV.j2_nz@d(F¦ F>zyV.dgluj^
oc¨1V A |   
 % ~ W/. WA W/%
oc/d2x2QyV1] A 























-0	    %#
 :$!/ -(/# ' '
É¤V·dhQT_nzT eqsx1_dhV.qortT_ux(V :óz wc`T]vd^jhV8]®laj	TzT_azTx(£_nq¢]^`ytyt3laj^d
_nz wÁV1]^t V8x(£_nqsqfÆY I_aqsq£_nz@d$/Qyl
sz@d^jhlcwc`Tx(V8wÌ`T]ed^QyV6tyjhlayqsV.U0eÉ¤V_njhV_nq£]vlOaj2_d^V.®`yqBdhlaV1_azc 'q£_n` wcVÆV.jhUlazTw×Üi:_Õaluq	'V1qq:_nz w
ord^\.tTQT_nzyVJi\.jhV.zTzyV1]®lujRd^QyV1j'QTV.qstc®`yqBjhV.U_njhc]R_nzTw0x(luj^jhV1x(d^slazT]1
  /'/




laD_a`yqd^LdhlaqsV.j2_nz@d ATlªzTV(dglajhr]1  _nzr`T]hx(jhtyd1
? |%CJÆYnÆV1_a` @`ysV.jk_nzTw /Y_njhj^lad1nZ/V8_njhjh_azyaV8_nyqsV ]^/d2x2QyszypzTV(dglajhr]dhlaqsV.j2_nz@ddhl¢]^/dhx2Q>qlcx2c].
 _nzr`T]hx(jhtcd§®d^d^qsVU_Õfx2QT_nzyuV8«(
?   C 6ÆV1zyV1Ç1'iV.jhU`cd2_d^slazuj^lu`ytT]1Rx.laUtyqsV(bcV1]1/_nzTwjhV1_aj^j2_nzTaV1_ayqsV$U6`yqdhs]vdh_aaVGx.lazyzTV1xdhzT
zTV(dglajhr]1   //   ; I
) ; #-0'/  §gW1%   «'W/%yW13W/%   .T
? 
C 6ÆV.zTV1Ç1 ")* 	 I2%/  )02#%@#84 #B'I
	 G !$#(% &   /E B)0#   DI k /x._
wyV.UsxJiIj^V8]^]1 'V1Iluj^G§vW1%
a«(
? % C 6uÆV.zTV1Ç1u 'tTtyq£x._nd^slazT]IlnÜajhla`yt>d^QTV.lajhfJdhlx(lazTzyV1x(d^szyJzyV(dglajhc].   //   ; I
) ; #%-0 %/
  §vW1@}$
a«   .r}    A&.T
?í}C 'p,'ql@].u ]gdh`Twcf6lnÜzylazc©yqslcx2@szyJ]^/d2x2QyzTYzTV(dglajhr]1  
//9 ; I) ;! #-0'/   §gW1 
n|@«
  .$%   A   
? ~%CJË  ÊYlaq£wy]vd^V1z0_nzTw0oÜTËV.syQyluq¨u pzOdhQyVJ]vfrz@d^QyV8]v£]Rln:]vsaz _nqB]^/d2x2QyzT6zyV.dgluj^c]/d^Q
d^j2_nzc
]^sV.z@d'yqslrx2rszyT#"%$&$&$' %.  I "	 #%.# $ /EI "#%B	 I( # 9-0 
 .*) §vW1%@}n«%a|r} ,%   Wu
? %CJ +alrV.qÖpzJt3V.jhU`ydh_dhluz]v/dhx2QTzy/zTV(dglajhr]1   // 9 ;, I) ; #-0'/ 	- §vW1$%u~u«3~yW8|+c~3A Ay
?sW .%CYÉ,7/J_n`yd^¨a7/uËV.rdvd_azTw uÉ_nc]^U_azB'V1qqs`yq£_njz@d^V1jhx.lazyzTV1xdhluz_njhjh_Õfc]1."/$&$$0 %.  I 
	 #B#1 #% -0J  .- § elT 
c  _Õf·W8$%u~u«  $  |   
cWa
?sWaW C¢ yÉ_nc]vU_azBy  t V1j^U6`cdh_nd^slaz
zyV(dglajhÜ	 #-0 %/ #54 ")*F2  .  §gW8$%a@«'W 
n3W %u|y
?sWAC2'p'QT_nzT0_azTwZJ  V.qsQyV.U0: 'jhydhjh_aj^f]vs¨.VÆV.zTV1Ç¢zyV.dgluj^c]1
3&3   - § 'l |TorV1tB W8a@}a«
A@}0An~   









. ¡Þ  yc  Þ 
 $Ù y8 3Ù T Ù' eÙ   
1c  Þ
	ÌÙ  Ý6Þ B 
	ÌÙ  ÝÞ     Þ 1. 
a  Þ 
  Ý  Ò1 ,   Þ 
   
  
 ® Û + Þ  Ù Õ   Ù 8 
 Ù .






Unité de recherche INRIA Sophia Antipolis
2004, route des Lucioles - B.P. 93 - 06902 Sophia Antipolis Cedex (France)
Unité de recherche INRIA Lorraine : Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - B.P. 101 - 54602 Villers lès Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38330 Montbonnot St Martin (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - B.P. 105 - 78153 Le Chesnay Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, B.P. 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-6399
